Objective To assess whether adiposity measures differed according to joint categories of sleep duration and sleep variability in a sample of Mexican adolescents.
This association is of concern in adolescents, who are prone to chronic sleep deprivation. 8 Another common feature of adolescent sleep, namely, high variability in night-to-night sleep duration, 9 may be associated with obesity risk independently of average sleep duration. Two studies among US adolescents found that within-individual variability in actigraphy-assessed sleep duration was positively related to abdominal adiposity 10 and BMI. 11 In contrast, other studies have reported null associations between sleep variability and adiposity measures. [12] [13] [14] One possible explanation of the discrepant findings could be the presence of effect modification, such that a positive association between sleep variability and adiposity is more evident among adolescents with insufficient sleep. We therefore evaluated whether adiposity measures differed according to joint categories of sleep duration and sleep variability in a sample of Mexican adolescents. We hypothesized that, relative to adolescents with sufficient-stable sleep, adolescents with insufficient and variable sleep would have greater adiposity and the insufficient-variable group would have the highest adiposity measures.
Methods
The study population includes adolescent participants from 3 sequentially enrolled cohorts of the Early Life Exposure in Mexico to ENvironmental Toxicants study. 15, 16 Between 1997 and 2004, 1079 mother-child dyads were recruited from prenatal clinics of the Mexican Social Security Institute in Mexico City, which serves low-to middle-income populations formally employed in the private sector. Beginning in 2015, a subset of 550 participants from the original birth cohorts 2 and 3 who were in the midst of pubertal transition (ages 9-17 years) participated in a follow-up study. The present study is a crosssectional analysis of measurements made during this wave of follow-up. The institutional review boards at the Mexico National Institute of Public Health and the University of Michigan approved the research protocols, and informed consent was obtained from all participants.
Trained research assistants measured height (in cm, BAME Model 420; Catalogo Medico, Hermosillo, Sonora, Mexico), weight (in kilograms, BAME Model 420; Catalogo Medico), triceps skinfolds (in mm, Lange calipers; Beta Technology, Houston, Texas) and waist circumference (in cm, QM2000; QuickMedical, Issaquah, Washington). They measured percent body fat by bioelectrical impedance (InBody USA, Cerritos, California). All measurements were taken twice and averaged. BMI-for-age Z scores (BMIz) were calculated based on the World Health Organization reference, 17 with a z score of >2 defined as obese.
At the clinic visit, adolescents were given an actigraph (ActiGraph GT3X + ; ActiGraph LLC, Pensacola, Florida) to wear on their nondominant wrist continuously for 7 days. Nightly sleep duration was estimated from the actigraphic data with the use of a fused lasso (least absolute shrinkage and selection operator)-based calculator package developed in R (R Foundation for Statistical Computing, Vienna, Austria). The obtained estimates were highly correlated with manual sleep duration detection in a validation subset of 50 participants (r = 0.95). We used nightly sleep duration averaged over the wear time and sleep variability as reflected by the individual standard deviation of the average sleep duration to assign adolescents into 4 mutually exclusive groups by sleep duration and sleep variability: (1) sufficient-stable, (2) sufficientvariable, (3) insufficient-stable, and (4) insufficient-variable. To classify adolescents into sufficient versus insufficient sleepers, we compared their average sleep duration with the agespecific sleep duration recommendations of the American Academy of Sleep Medicine. 18 To classify adolescents into stable or variable sleepers, we split them at the median of the individual standard deviations.
Covariates included age, sex, pubertal status, maternal education, physical activity, screen time, sedentary time spent commuting (bus, car, etc), alcohol consumption habits, and smoking behavior. Sexual maturation status, assessed by Tanner staging and testicular volume assessment (for boys), were completed by trained physicians during the visit using standard methods. 19 Girls were also asked whether they had started menstruating. To assess pubertal status, we classified participants into those who had reached the latter stages of puberty by the visit (testicular volume ≥15 mm for boys and onset of menarche for girls) and those who had not. Maternal education was categorized as <9 years, 9-<12 years, 12 years, or >12 years. Physical activity and sedentary behavior were assessed with a questionnaire adapted for and validated in Mexican adolescents. 20 To calculate the average number of hours of physical activity per week, we added the self-reported time in hours spent in all potential physical activities (eg, soccer, volleyball, running). We categorized into quartiles the average number of hours spent doing physical activity per week, the average number of hours of screen time per week, and the average number of hours spent sitting while commuting per week. We classified alcohol and smoking behaviors into dichotomous variables: for alcohol, whether they had self-reported consuming alcohol in the past year, and for smoking, whether they had ever tried smoking.
Statistical Analyses
A total of 550 adolescents participated in the peripubertal visit. Of those, 539 consented to wear the wrist actigraphs and returned them at the end of the 7-day period. After exclusion of adolescents with <4 days of continuous actigraph wear (n = 11), the final analytic sample included 528 adolescents (96%).
To describe the study population and to assess potential confounders, we first calculated summary statistics of sleep characteristics (average ± SD sleep duration, the proportion not meeting sleep duration recommendations, and average ± SD sleep variability) stratified by categories of sociodemographic and lifestyle characteristics. Next, we reported the proportion of adolescents in each of the 4 sleep categories according to categorical sociodemographic and lifestyle characteristics. To evaluate the differences in adiposity measures for each sleep category, as compared with the sufficient-stable sleepers (reference group), we used multiple linear regression models in which the adiposity measure was the outcome and sleep categories were the dummy predictors. To account for potential confounders, we adjusted for all covariates listed herein, but for the sake of parsimony only retained sex, age, maternal education, and smoking behavior in the models (inclusion of other variables did not alter estimates). Further, we did not adjust for dietary variables such as carbohydrate or total energy intake, because they may be mediators on the causal pathway and adjusting for mediators could result in biased estimates. 21 To formally test for effect modification between sleep sufficiency (dichotomous) and sleep variability (continuous), we ran a linear regression model that also included product terms for sleep sufficiency × sleep variability. Finally, we used log binomial models to calculate adjusted prevalence ratios and 95% CIs for obesity prevalence comparing each sleep category with the sufficient-stable category and adjusting for the same potential confounders. Statistical analyses were conducted in Stata 14.0 (StataCorp LLC, College Station, Texas).
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Results
The mean ± SD age of the adolescents was 14.4 ± 2.1 years. The mean sleep duration was 516 ± 58 minutes (8.6 ± 1.0 hours); it did not differ on average from weekdays (Sunday through Thursday nights) to weekends (516 ± 65 minutes and 517 ± 73 minutes, respectively). Based on the American Academy of Sleep Medicine age-specific sleep recommendations, 41% of the sample had insufficient sleep on average ( Table I) . Older adolescents had a shorter sleep duration than younger participants, although the younger age groups were more likely to not meet the age-specific sleep recommendations. For example, 65% of the children <12 years of age had insufficient sleep for their age, twice as many as adolescents aged 16 years or older. Age was positively associated with sleep variability; there was a difference of almost 30 minutes in sleep variability between the youngest and the oldest adolescents. Sufficient sleep and sleep variability were associated with smoking and pubertal status (Table I) , although after age adjustment only the association between smoking and greater sleep variability persisted (data not shown). Finally, a greater duration of sedentary commuting time (eg, bus, car) was related to shorter sleep duration. Sleep duration and sleep variability for adolescents younger than 13 years of age and those 13 years of age or older are presented in Figure, A and B, respectively. The distribution of adolescents across the 4 sleep categories-sufficient-stable, sufficient-variable, insufficient-stable, and insufficientvariable-was 31%, 28%, 19%, and 22%, respectively. Sex, age, pubertal stage, and smoking experience were distributed differently according to the joint sleep duration and variability categories (Table II) . 
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Average BMIz was 0.51 ± 1.25; 25% of the adolescents were overweight and 13% were obese. The average body fat percentage, triceps skinfold, and waist circumference were 26.9% ± 9.9%, 19.0 ± 6.8 mm, and 79.6 ± 11.5 cm, respectively. Adolescents classified as having insufficient-stable sleep had the highest BMIz, body fat percentage, triceps skinfold, and waist circumference. The second highest adiposity measures were observed among those with insufficient-variable sleep, and sufficient-stable sleepers had the lowest adiposity measures. Similarly, in adjusted linear regression analysis, adolescents in the insufficient-stable sleep duration category had the largest differences in adiposity-BMIz, percent body fat, triceps skinfolds, and waist circumference-when compared with adolescents in the sufficient-stable sleep duration (reference) category (0.68 with a 95% CI of 0.35-1.00; 4.98 with a 95% CI of 2.77-7.18; 4.44 with a 95% CI of 2.79-6.09; and 5.42 with a 95% CI of 2.48-8.36, respectively). In contrast, BMIz and triceps skinfolds were only marginally different among adolescents with insufficient-variable duration compared with sufficient-stable sleep duration (0.30 with a 95% CI of 0.0-0.59, and 1.45 with a 95% CI of -0.05 to 2.95). The adiposity measures in the sufficient-variable sleep duration group were not statistically significantly different than the reference group (Table III) . In models with interaction terms for sleep sufficiency and variability, there was evidence of effect modification between sleep sufficiency and variability in relation to adiposity (BMIz P for interaction = .04; percent body fat P for interaction = .007; triceps skinfold P for interaction = .02; and waist circumference P for interaction = .03). Furthermore, these results confirm the presence of a qualitative interaction, because there was no association between sleep variability and adiposity among children with sufficient sleep, and there was an inverse association between sleep variability and adiposity among children with insufficient sleep. Finally, the adjusted prevalence of obesity was 154% higher in adolescents with insufficient-stable sleep compared with those with sufficient-stable (prevalence ratio, 2.54; 95% CI, 1.36-4.75). There was also evidence of effect modification in this model (P for interaction = .02).
Discussion
Parallel to other populations, we showed a strong relationship between insufficient sleep and adiposity in this cohort of Mexican children. These findings represent an extension of the prior literature; they suggest that a very specific groupadolescents with chronic short sleep-may be at greatest risk for obesity. Specifically, adolescents with insufficient-stable sleep as opposed to sufficient-stable sleep had a 2-fold higher prevalence of obesity.
Our findings are distinct from those of the few other studies that independently examined sleep variability and duration with adiposity. In particular, 2 cross-sectional studies from the US showed positive associations between sleep variability and adiposity measures. 10, 11 The first, a US study of 305 older adolescents that used 7-night actigraphy to assess sleep, 10 reported a 7 cm 2 higher visceral fat area with each 1-hour higher sleep variability, after adjustment for sleep duration. The second, also a US study of 247 adolescents, found a positive association between BMI and actigraphy-assessed sleep variability. 11 However, the latter study did not control for sleep duration.
In contrast, other cross-sectional studies found no differences in sleep variability in overweight or obese groups versus normal groups. 12, 22 Similarly, a longitudinal study in Danish children showed no association between baseline sleep variability based on self-reports and gain in adiposity 1 year later.
14 Inconsistencies between our findings and those of prior reports may stem from differences in study designs and analytic approaches. For example, high sleep variability has been associated with low socioeconomic status, 23 and low socioeconomic status is usually associated with greater adiposity in US and European settings. Therefore, residual confounding owing to unadjusted socioeconomic status might explain the findings of the previous studies. Second, previous studies did not consider sleep variability and sleep duration jointly; thus, true associations may have been masked. Third, reliance on self-report versus objective sleep measures in a few of the studies with null findings 12, 14 could have produced biased estimates. In this study, adolescents who were chronically sleep deficient, rather than insufficient-variable sleepers had the greatest adiposity, despite similar amounts of sleep overall. One plausible explanation may have to do with the fact that insufficient-variable sleepers had nights with short sleep duration followed by nights with long sleep durations to compensate ("catch-up sleep"), and insufficient-stable sleepers had much less compensatory sleep. The notion of catch-up sleep as protective of weight gain is supported by a few studies among Asian children or adolescents. [24] [25] [26] Two independent studies from Korea and Hong Kong showed that, in subgroups of schoolchildren with self-reported short sleep duration, those with longer weekend catch-up sleep had a lower odds of obesity compared with those with less weekend catch-up sleep. 25, 26 Similarly, a Chinese study found that children who did not compensate for sleep on weekends or holidays had greater odds of overweight or obesity. 24 Finally, 1 US study that compared sleep patterns in overweight and obese children versus normal weight children noted that children in the obese category were more likely to have short sleep on weekends. 13 A protective role of catch-up sleep on adiposity gain may be related to the higher proportion of time is spent in stage 3 sleep, also known as slowwave or deep sleep, observed after a night of restricted sleep. It is during this sleep stage that growth hormone is released, which is an important hormone for linear growth and may protect against excess adiposity gain. 27 Further evidence in adults demonstrates the short-term metabolic effects of catchup sleep after sleep restriction and may also offer insight into mechanisms. 28 In this small experimental study among sleepdeprived men, researchers found that, after a typical work week, 3 nights of catch-up sleep on the weekend, as compared with 3 nights of continued restricted sleep, were associated with greater insulin sensitivity.
In accordance with the adolescent sleep literature, 8 sleep deprivation was common in our study population. About 40% of the adolescents did not obtain sufficient sleep on average. Interestingly, in this Mexican cohort, the younger adolescents were more likely than older adolescents to not meet sleep recommendations and sleep duration did not differ on weekends versus weekdays. Both of these findings are contrary to results from the US. 8 Although speculative, cultural differences in sleeping arrangements (eg, room or bed sharing with siblings) may partially explain the apparent discrepancy. Sleep duration variability, as observed in this study, had a similar magnitude to adolescents' sleep variability in other reports. 10, 29, 30 Further, the greater sleep variability in adolescents of older ages compared with younger ages was also aligned with previous studies. 31 This study has several limitations. First, the cross-sectional design of this study does not allow the examination of temporal associations between sleep characteristics and adiposity measures. Second, whereas high population density in Mexico City necessitates assignment of students to a 2-shift school attendance, data on school start time were not available. However, because school shift assignment may not be strongly associated with adiposity, school start times are unlikely to be a strong confounder. Third, lack of information on obstructive sleep apnea, which is often comorbid with obesity, may confound the results. Finally, residual confounding may have occurred as a result of self-reported physical activity and sedentary behavior; in particular, television watching and vigorous activity may have been overestimated and moderate physical activity may have been underestimated.
Among adolescents with insufficient sleep, those with stable sleep rather than highly variable sleep had the highest prevalence of obesity. These results suggest the potential metabolic benefits of intermittent sleep recovery for sleep-deprived adolescents. ■
